Abstract
In mice infected with Leishmania major parasites, resistance or susceptibility correlates with the induction of L majorspecific T h 1 or T h 2 responses respectively (1). Anti-leishmanial antibodies apparently do not contribute to the induction of protection (2) (3) (4) . As a consequence, the role of B cells as regulator cells in the induction of differential T helper responses has only scarcely been examined. One study suggested that B cells may promote disease in BALB/c mice, since B cell depletion from newborn mice by continuous treatment with anti-n antisera rendered these otherwise susceptible mice resistant to a subsequent infection with L major (5) . We have shown previously that B cell-defective mice carrying the Xid immunodeficiency on a BALB/c background (BALB.Xid mice) are significantly less susceptible to L. major infection than normal BALB/c mice. The improvement in the clinical outcome in BALB.Xid animals was accompanied by a significant rise in L. mayor-specific, T helper cell-derived IFN-y production and a decrease in B cell-derived IL-10 production (6). A disease-promoting effect of B cells could also be concluded from studies with C.B-17 scid mice which were resistant to L. major after reconstitution with 3X10 mice (C.BALB.B F1; H-2 d x b ) for reconstitution, so that macrophages and dendritic cells carried only the haplotype of the recipient (C.B-17 scid; H-2 d ), whereas the donorderived B cells had both the H-2 d and the H-2 b haplotype, and thus potentially could restrict T cells to both haplotypes if they were to prime naive T cells for leishmanial antigens in vivo The MHC restriction of T cells was examined in order to clarify if B cells contributed to T cell priming in vivo by inducing a T cell response restricted to both donor antigenprsenting cell (APC) haplotypes (H-2  d and H-2   b ). Female, 6-to 8-week-old, non-leaky (Ig < 20 ng/ml serum) C.B-17 scid mice (H-2 d ) were obtained from Bomholtgard (Ry, Denmark). Age-matched congenic C.BALB.B F^ mice (H-2 d x b ; Harlan-Olac, Borchen, Germany) were used as cell donors for reconstitution of scid mice. In addition, splenic cells from BALB/c (H-2 d ; Charles River, Sulzfeld, Germany) or BALB.B (H-2 b ; Harlan-Olac) mice were used as feeder cells in proliferation assays For scid reconstitution, T cells were purified from spleens of C.BALB.B FT mice (H-2 d x b ) by positive selection with magnetically labeled anti-CD4 and anti-CD8 antibodies using the MACS® system (Miltenyi Biotech, Bergisch Gladbach, Germany). Purified splenic T cells (3x10 7 ; purity >91%, contamination by B cells or macrophages <1% as determined by FACS) were resuspended in a total volume of 300 |il PBS and injected i.v. in the lateral tail vein of scid mice. B cells were positively selected by MACS with magnetically labeled anti-B220 antibodies (purity >95%, Mac-1 + cells and T cells <1%). Then, 4 5X10
7 of these cells were resuspended in 500 JLLI PBS and co-injected with 3X10 7 purified splenic T cells. Scid mice injected with 7.5x10 7 unseparated spleen cells were used as controls for susceptibility (7) . One day after reconstitution with lymphoid cells, scid mice were infected with 1 5x10 7 stationary phase L. major promastigotes in the right footpad as described (8) . The size of the developing lesions was determined weekly with a vernier caliper (Kroepelin, Schluchtern, Germany) and the difference in size relative to the noninfected footpad was monitored. Serum samples were drawn at 2 week intervals for determination of total IgG (6) and IgE (determined by two-side ELISA; PharMingen, Hamburg, Germany).
At 8 weeks after L. major infection, spleens of reconstituted scid mice were removed. CD4 + T cells were purified by depletion from B220+ and CD8 + cells using the MACS system. This procedure resulted in a residual contamination by B220 + and CD8 + cells of <3 and 1% respectively For cytokine determination, the cells were cultured at 1.5X10 5 cells/well for 66 h in 96-well microtiter plates (total volume: 200 \i\), together with T cell-depleted, irradiated (2500 rad) C.BALB.B F, splenic feeder cells (4x10 5 cells/well) and either RPMI/ 10% FCS alone, or with concanavalin A (1 ng/well; Sigma, Munich, Germany) or with freeze-thawed L. major lysate (3X10 5 parasite equivalents/well), as described (6) . IFN-yand IL-4 production in supernatants was quantified by ELISA (6) . In addition, splenic B cells of these mice were purified by MACS (purity >95 %) and incubated at 2X10 5 cells/well with lipopolysaccharide (LPS; 50 ng/ml; Escherichia coli 055, Sigma). After 96 h, IL-10 in supernatants was determined by ELISA (6) .
The course of L major infection differed clearly in differenti- ally reconstituted CB-17 scid mice (Fig. 1) In scid mice reconstituted with 7.5x10 7 spleen cells, there was a progressive enlargement of the local lesion leading to ulceration, comparable to the course of infection usually seen with susceptible BALB/c mice (1, 9) . Footpads of scid mice reconstituted with 3x10 7 T cells did not increase in thickness after infection, consistent with a resistant phenotype (9) . Addition of B cells to the T cells used for reconstitution, however, reverted this resistance. Thus, scid mice reconstituted with 3x10 7 T cells plus 5x10 7 B cells showed delayed but progressively enlarging and finally ulcerating lesions, as typically seen in susceptible BALB/c mice (Fig. 1) . A cohort of these mice was observed for a longer period and inevitably died after 12-15 weeks (not shown).
The differences observed in the development of the local lesions were mirrored by the parasite load in the spleens. Thus, mice with progressive disease had a > 100-fold higher splenic parasite load 8 weeks after infection compared to the resistant animals which were reconstituted with T cells only ( Table 1 ). In the latter mice, the absolute number of parasites was very low (1400 parasites/spleen). This is consistent with the previous finding that also genetically resistant C57BL/6 mice continue to harbor low numbers of amastigotes during lifetime after L. major infection (10) .
The contrasting course of L. major infection in the differently reconstituted scid mice was also reflected by cytokine production of splenic CD4 + T cells (Fig. 2) . Whereas in cultures stimulated with concanavalin A, similar levels of IFN-y and IL-4 were found in all three groups of mice (not shown), upon stimulation with L. major lysate, T cells obtained from T cellreconstituted, resistant scid mice produced 5-to 10-fold more IFN-y than did T cells from T and B cell-or from spleen cell-reconstituted, susceptible mice (Fig. 2) . Conversely, in reconstituted mice with susceptible phenotype, L major- Representative values from one out of two experiments performed 8 weeks after infection, comprising four animals each. Data from unreconstituted scid mice are not available, since the observation was terminated at 6 weeks.
b Pvalues for single hit kinetics were between 0.11 and 0.71 c Range of 95% confidence. "P < 0.001 or "P < 0.0001, when compared to the parasite burden in T cell-reconstituted scid mice (Student's Mest for unpaired samples)
induced IL-4 levels were higher than in resistant mice (Fig. 2) . The data indicate that the predominant production of IFN-y by transferred T cells is reduced by additional transfer of B cells into scid mice. Since this reduction in IFN-y production could be mediated by B cell-derived IL-10 (6), we tested the capacity of purified splenic B cells from the two B cellreconstituted groups of scid mice to produce IL-10 in vitro. IL-10 was found to be produced in similar amounts after LPS stimulation (700 pg/ml; data not shown). Thus, it seems possible that high amounts of transferred B cells could have shifted the balance away from a predominant T h 1 response seen in scid mice reconstituted with T cells alone.
The functionality of the transferred B cells was further examined by measurements of serum Ig. IgG and IgE total serum levels correlated to the duration of L. major infection (Fig. 3) . Thus, spleen cell-as well as T and B cell-reconstituted, but not T cell-reconstituted mice displayed increasing levels of IgG and IgE as the disease progressed (Fig. 3) , in line with a preferential IL-4 production by splenic CD4 + T cells of these mice (Fig. 2) .
So far, these experiments demonstrate that co-transfer of highly purified B220 + cells from mice of susceptible background which are functional in the recipient reverts the resistance achievable by reconstitution of T cells alone. This finding is reminiscent to previous data from Varkila et al (7) who showed that reconstitution of scid mice with 7.5x10 7 BALB/c spleen cells (i.e. the approximate cell number of one spleen including B cells) leads to susceptibility whereas reconstitution with up to 3x10 7 1X10 6 ). This low number of T cells, when transferred alone, induced a quicker resolution of local lesions than did 3x10 7 T cells (7) (14) . However, also in this study, resistance could be broken by transfer of a high amount of cells In addition, a difference to our study is that a considerable part of B cells in reconstituted nude mice, i.e. those of nude origin, may not be functionally identical to B cells of BALB/c mice since they developed in the absence of T cells. In yet another study it is argued that depletion of B cells increased rather than decreased the progression of L. major infection (15) . However, this study was performed in C3H/HeN mice and thus the different genetic background may have decisively influenced T helper differentiation in the absence of B cells (15) .
Given the disease-promoting role of B cells observed in our experiments, we sought to investigate if this effect could be linked to a role of B cells in the presentation of L. major antigen in vivo. For this purpose, we had designed the scid reconstitution protocol such that recipient (i.e. In order to test for the MHC restriction of CD4 + T cells obtained from the differently reconstituted scid mice, the T cells were tested in proliferation assays under limiting dilution conditions as described (16) To further control for antigen-specific proliferation, additional dilution analyses were performed in parallel using the same effector and feeder cell preparations in the absence of antigen. Thus, the number of wells containing cells proliferating with antigen was corrected for antigen specificity by subtracting the number of positive wells of the analysis without antigen at the same dilution level. The frequency of cells proliferating in an antigen-specific manner was then calculated by applying Poisson statistics and the x 2 minimization method as described (17) . Table 2 (Table 2 ) may well account for the delay in lesion development seen in the latter group (Fig. 1) which was also reflected in the parasite counts in the spleen (Table  1 ) Apparently, the professional APC (macrophages and dendritic cells) which were transferred in the whole spleen cell suspension and interacted in a cognate manner with CD4 + T cells (Table 2) , accelerated lesion development early during infection.
There has been some controversy as to which extent B cells are capable to prime naive T cells In vivo (debated in 18, 19) . Several studies emphasized the importance of B cells, using either B cell-depletion protocols which led to defective T cell responses (20) (21) (22) or, conversely, B cell transfer from mice immunized with human cytochrome c to prime autoreactive T cells directed against murine cytochrome c (23,24) . The presence of B cells was also found to be a prerequisite for priming of T cells in TCR- (3 x 10 5 parasite equivalents/well). Proliferation was measured after 5 days of culture and a 18 h pulse with [ 3 H]thymidine in a p-scintillation counter. After correction for nonspecific proliferation, minimal estimates for the number of proliferating, antigen-specific cells were obtained as described (16) .
b P values for single hit kinetics were >0 1. were not able at all to stimulate T cells; however, they were excellent APC when exogenous L. major freeze-thaw lysate was added to the culture with optimal concentrations of 7.5X10 4 B cells/ well (Fig. 4) , demonstrating that the B cells in principle are able to process and present antigen In contrast to the B cells, as few as 3x10 4 irradiated macrophages purified from the same animals were able to induce a 10-fold stimulation of co-cultured L1/1 cells without addition of exogenous L. major antigen (data not shown) These findings therefore argue against a major role of B cells as APC during L. major infection. been primed. This difference may be explained by the sources of antigen used. Ronchese et al. used keyhole limpet hemacyanin as a model antigen which is soluble and may therefore readily be taken up and presented by B cells (27) . In contrast, we used an infection with intact parasites that are not taken up by B cells but by macrophages and dendritic cells. Therefore, it is likely that antigen compartmentalization precludes an effective uptake of leishmanial antigen by B cells in vivo, thus preventing antigen presentation.
This study was undertaken in order to get more insight in the possible role of B cells in the course of L. major infection. Taken together, our experiments provide several novel points of information. The question arises by which mechanism, if not via antigen presentation, B cells exert their detrimental role in L major infection. Given the early onset of B cell migration to the infected lymph node (W. Solbach et al., unpublished observations), it seems possible that parasite-derived molecules may trigger B cell proliferation and IL-10 production. In this context it is noteworthy that in murine Schistosoma mansoni infection, the shift from a T h 1 to a T h 2 response during the onset of egg production can be explained by oligosaccharide molecules on the egg surface which mimic intercellular contact molecules (Lewis X) and act as potent inducers for B cell-derived IL-10 production (30) . On the basis of recent data (P.Velupillai, personal communication), it may be speculated that similar molecules act in a comparable manner also during murine L. major infection, thereby inducing B cells independently from T cells to produce T/72-promoting cytokines. Further investigation into the existence and nature of such molecules is warranted.
